To determine the effect of titanium (Ti) surface modification by ultraviolet irradiation (UVI) on the bond strength between Ti and porcelain. Grade 2 Ti plates were allotted to five groups: sandblasted (SA), 15 min UVI (UV), SA+5 min UVI (SA+UV5), SA+10 min UVI (SA+UV10), and SA+15 min UVI (SA+UV15). After surface treatment, porcelain was added. A precious metal (MC) was used for comparison with Ti. The effects of 24-h storage at room temperature versus thermal cycling only at 5 and 55°C in water were evaluated. Subsequently, the tensile strength of each sample was tested. Data were analyzed using one-way analysis of variance and the Tukey test. In both the room temperature and thermal cycling groups, the MC and SA+15 min UVI samples showed significantly greater bond strengths than the other samples (p<0.05). UVI processing efficiently increases the bond strength between porcelain and the Ti surface.
INTRODUCTION
Since the 1960s, metal ceramic crowns have been used as prostheses, which possess the combined advantageous properties of esthetic porcelain and a metal crown with excellent strength and durability. In general, noble metal alloys are frequently used to frame the porcelain of crowns because of their large thermal expansion at the time of porcelain firing and the minimal thickness of the formed oxide film, which ensures the formation of highly strong bonds with porcelain. However, the price of metals has increased significantly. Instead, of noble metals, alternative metals with competitive workability, bond strength with porcelain, and cost, have been investigated.
Among the alternative metals for use in metallic ceramic crowns, titanium (Ti) has attracted considerable attention. To date, Ti has been used in various parts of the living body owing to its excellent biocompatibility and corrosion resistance 1) , leading to its categorization as a bioinert material. High-purity Ti particularly exhibits a mechanical strength close to that of type II dental gold alloy. The applications of Ti have been the subject of many studies. However, because of the difficulties in workability at the time of processing, such as casting, the use of Ti remains restricted. The development of computer-aided design and manufacturing technologies in recent years has facilitated Ti processing, thereby permitting its use as a metal frame. Thus, Ti has attracted attention as an economical material with excellent biocompatibility.
Weak bond strength between a Ti metal frame and porcelain causes the latter to develop fractures because of lack of resistance to occlusal forces 2) . Under conditions of high temperature at the time of porcelain and Ti bonding, the characteristics of Ti, such as discontinuity of the thermal expansion coefficient or variation of the oxygen diffusion coefficient, undergo changes. It is therefore believed that above the transition temperature of Ti, sufficient bond strength between porcelain and Ti cannot be achieved. So far, the use of low-fusing porcelain 3) and application of mechanical fitting have been examined. Improvements in mechanical fitting were obtained by subjecting the surface of the Ti frame to sandblasting with alumina, which has different particle sizes 4) . Enhanced mechanical fitting and chemical bonding force by sandblasting with silica (Si) has been the subject of various experiments 5) . Furthermore, acid etching of the Ti surface to improve bond strength through better wettability 6, 7) as well as the combination of sandblasting and acid treatment 8) have been investigated. These methods focused on Ti surface modification in parallel with examination of the strength of bonding with porcelain; however, they have not been applied in clinical practice.
Among recent reports, one paper addressed the properties of fresh Ti surfaces. Until now, the surface characteristics of Ti were considered invariable, but it has been demonstrated that surface characteristics undergo changes with time after processing. It is considered that the surface characteristics change and adhesion of organic substances such as carbon on the 9) . It has been reported that ultraviolet irradiation (UVI) induces changes to surface characteristics immediately after processing; UVI of Ti oxide is widely known as a photocatalysis reaction that makes the surface of Ti hydrophilic 10) . That is, the surface properties originally inherent to Ti can be recovered. It has been reported that the photocatalytic effect by UVI on titanium prevents contamination and improves wettability 9) .We thought that the titanium improved the mechanical fitting of porcelain and titanium increased thereby the adhesive strength.
Influence of ultraviolet irradiation treatment on porcelain bond strength of titanium surfaces
In the present study, to clarify the bonding mechanism between Ti and porcelain, the influence of Ti surface modification by UVI, on the bond strength between Ti and porcelain, was examined.
MATERIALS AND METHODS

Preparation of test specimens
For experimental use, pure Ti (grade 2, Shinano Manufacturing, Tokyo, Japan) was cut into pieces 10 mm in length and 5 mm in diameter, which were polished with a water-resistant abrasive paper to #600. After polishing, the Ti pieces were washed with acetone and distilled water for 10 min and air-dried. In addition, for comparison, wax patterns having the same size as that of Ti samples (10 mm length, 5 mm diameter) were prepared from a precious metal alloy (Casting bond MC Pd, GC, Tokyo, Japan) and casting was performed. After casting, similar to the Ti samples, the adhesive surface was polished to #600 with water-resistant paper, washed with acetone and distilled water for 10 min, and air-dried.
Surface treatment
After drying, the adhesive surfaces of the test specimens were treated under the conditions detailed in Table 1 . Sample sizes obtained by subjecting the precious metal surface to sandblasting with alumina at a particle size of 125 μm, a tip distance of 10 mm and pressure of 0.2 MPa for 10 s were denoted as MC; samples obtained by subjecting the Ti surface to sandblasting with alumina at a particle size of 125 μm, a tip distance of 10 mm, and a pressure of 0.2 MPa for 10 s were denoted as SA; samples subjected to UVI treatment of the Ti surface with an UVI device (TeraBeam Affiny, Ushio, Tokyo, Japan) for 15 min were denoted as UV; samples subjected to UVI for 5 min after sandblasting were denoted as SA+UV5; samples subjected to UVI for 10 min after sandblasting were denoted as SA+UV10; and samples subjected to UVI for 15 min after sandblasting were denoted as SA+UV15. After each treatment, samples were acclimated to the atmosphere for 5 min in accordance with the manufacturer's instructions. The light source mounted in the UVI device is a low-pressure mercury lamp, which emits UV light predominantly at 254 and 185 nm. Under these conditions, each Ti surface received approximately 8-10 mW/cm 2 of radiation 11) . UV5 corresponded to a dose of 3 J/cm 2 . UV10 corresponded to a dose of 6 J/cm 2 . UV15 corresponded to a dose of 9 J/cm 2 .
Evaluation of surface properties 1. Surface roughness measurement The same Ti and precious metal alloy for baking were used for preparation of the test specimens. Ti plates (length, 25 mm; width, 3 mm; thickness, 0.5 mm) were washed with acetone and distilled water for 10 min, airdried, and then subjected to surface treatment under various conditions. The centerline average roughness (Ra) of each sample was determined using the Handy Surf E-40A surface finish tester (Tokyo Seimitsu, Tokyo, Japan). Measurement conditions included a measured length of 5 mm and a cut-off value of 0.8. The average value was calculated after repeating the measurement 10 times. A total of 10 samples were allotted to each group.
Contact angle measurement
Using the same plate as for the surface roughness measurements, the wettability of the Ti material before porcelain build-up was determined using an automatic contact angle meter (DCA-VZ, Kyowa Interface Science, Saitama, Japan) in test pieces subjected to surface treatment under two conditions (application of water or malaxation liquid) for build-up of porcelain with Ti only (Initial titanium bonder liquid, GC). Measurements were performed using the drop method and the contact angle was measured 1 s after dropping a 1.5 μL water droplet. The contact angle value was calculated from the average of 10 measurements. A total of 10 samples were allotted to each group.
3. Elemental analysis of the surface Ti test pieces subjected to surface treatment under various conditions were analyzed using an electron probe micro-analyzer (EPMA; model no. 8705, Shimadzu, Kyoto, Japan), under an irradiation current of 15 nA and acceleration voltage of 20 kV. The Kα line of carbon (C) was determined and the distribution of C was displayed as a 16-color pseudo-color mapping image (point/area analysis image) to achieve elemental analysis of the surface.
Evaluation of the bond strength between Ti and porcelain 1. Preparation of sample A bonding agent was uniformly applied onto the Ti surface before treatment and the firing schedule specified by the manufacturer was performed in a porcelain furnace (Austromat D4, Dekema DentalKeramiköfen, Freilassing, Germany). Subsequently, opaque porcelain (Initial Ti, GC) of 5 mm in height and 10 mm in diameter was built-up and fired in a similar way to produce 20 sample pieces for each surface treatment group, summing up to a total of 120 pieces. For precious metals, after washing with distilled water and sandblasting followed by degassing, firing of porcelain for baking (Initial MC, GC) was performed based on the firing schedule specified by the manufacturer to buildup opaque porcelain of 5 mm in height and 10 mm in diameter as the test piece (MC).
Sample storage
Prepared sample pieces were divided into groups, stored at room temperature for 24 h, and then subjected to thermal stress. For thermal stress, the samples were loaded into a thermal cycle device and subjected to 5,000 cycles of immersion for 40 s in 5 and 55°C water baths.
Test of tensile bond strength
The test pieces stored for 24 h at room temperature and those that underwent thermal cycling were mounted into a compact tabletop tester (EZ Test, Shimadzu), as shown in Fig. 1 , and subjected to tensile strength testing until rupture at a crosshead speed of 1 mm/min. The value at rupture was determined as the maximum tensile strength (MPa). A total of 10 samples were allotted to each group.
Observation of fractured surface
The fractured surface formed during tensile strength testing was observed under 20× magnification using a stereomicroscope (SZH-ILLB, OLYMPUS, Tokyo, Japan). According to the differences in failure patterns, three groups were distinguished, i.e., an interface failure group, where exposition of the interface was at least 70%; a cohesive failure group, where adhesion of the porcelain was not less than 70%; and a mixed failure group 12) . In addition, the Kα line of Si in the ruptured surface was measured using an EPMA at an irradiation current of 15 nA and acceleration voltage of 20 kV. The distribution of Si was displayed as a 16-color pseudo-color mapping image (point/area analysis image) to achieve elemental analysis of the surface. 
Statistical processing
RESULTS
Surface roughness
Results of surface roughness assessment after various surface treatments are shown in 
Contact angle
Contact angle values for water application after each surface treatment before porcelain build-up and bonding agent application to Ti before porcelain build-up are shown in 
Surface C analysis
Proportion of C was measured for each surface treatment using EPMA; however, C could not be detected and mapping also proved to be impossible.
Assessment of tensile bond strength
Tensile bond strength between the metal subjected to surface treatment and porcelain is illustrated in Figs. 
Observation of fractured surface
Results of tensile adhesion testing of the fractured surfaces are shown in Table 4 . A large number of cohesive failures were observed for all surface treatments in the group stored at room temperature for 24 h. While mixed failures occurred afterward, only few interface failures were observed. On the other hand, the frequency of cohesive failure decreased under all conditions in the thermal cycle group, while interface failure was more frequent.
Mapping images obtained by observing Si in a typical fracture surface of Ti using EPMA are shown in Figs. 4 and 5 . Under all surface treatment conditions, the bonding face showed cohesive failure with large concentrations of Si, as a component of Ti for porcelain used at the time.
DISCUSSION
Findings of the present study verified that UVI modification to the Ti surface before porcelain build-up can improve the adhesive strength of porcelain. It has been confirmed that as a result of UVI treatment of the Ti surface, the contact angle of the surface, indicating the extent of wettability, becomes significantly smaller compared with that resulting from treatment with sandblasting. Furthermore, no significant change in surface roughness was introduced by UVI treatment, which confirmed that there were no alterations to the surface morphology. With regard to the bond strength between Ti and porcelain, a significant difference in bond strength was revealed after UVI treatment for 15 min compared with that of a sandblasted surface. However, there was no significant change in bond strength compared with that obtained using a conventional precious metal. Upon observing the ruptured section after tensile adhesion test, a large number of interface failures and mixed failures were observed in sandblasted surfaces whereas cohesive failures were observed more frequently in UVI treated surfaces.
Generally speaking, in order to obtain strong adhesion when bonding porcelain to a metal surface, surface morphology, state of the oxide film, and surface properties are considered to be important. Concerning the surface morphology, improvement to the bond strength of porcelain has been studied using chemical treatment methods, such as acid treatment, and mechanical treatment methods, such as sandblasting [13] [14] [15] . However, presently, sufficient bond strength comparable to that obtained with a conventional precious metal cannot be achieved. However, the use of Ti continues to attract attention, probably because in addition to its relatively low price and excellent properties as a biological material, the load on periodontal tissue can be alleviated after mounting a prosthesis owing to a low specific gravity. In addition, because its dimensional stability at high temperatures is greater than that of other metals, the extent of deformation at the time of firing is small, whereby excellent precision can be attained with regard to an abutment tooth, which affects long-term stability after mounting of prosthesis. Therefore, it is believed that achieving bond strength between Ti and porcelain that is equal to or greater than those for conventional precious metals is very meaningful.
Findings of the present study confirmed that although there was no significant difference in tensile adhesion after 5 min of UVI treatment in addition to sandblasting, significantly greater values could be obtained in initial adhesiveness by UVI for 10 and 15 min (Fig. 2) . This bond strength was not significantly different from that obtained using a conventional precious metal. This fact led us to the realization that the bond strength between Ti and porcelain can be improved using UVI treatment for 10 and 15 min after sandblasting.
In one of the systems that may promote improvement of the bond strength between Ti and porcelain, a bonding agent is used between the Ti and opaque porcelain. After application of the bonding agent to the Ti surface, opaque porcelain is built-up; however, it is concerning that the buildup strength may be influenced by the uniformity of film thickness obtained at the time of application. In the present study, it was demonstrated that by performing sandblasting only, a Ti surface contact angle of 15.1° was achieved, which indicated a hydrophilic surface and that the Ti bonding agent was not spread uniformly. The Ti surface after 10 and 15 min of UVI demonstrated a super hydrophilic character with a contact angle of 6.7° and 6.4°, which indicated that a uniformly thin distribution could be achieved on the surface. Typically, when a liquid is in contact with a solid, it is considered that the smaller the contact angle, representing the wettability of the surface, the better the conformability. According to reports of the bond strength with other metals, it has also been pointed out that there is a correlation between contact angle and adhesion strength 16) . The Ti surface after 5 min of UVI demonstrated a super hydrophilic character with a contact angle of 7.3°, but the adhesion strength was not significantly different from that of SA and UV.
The mechanism leading to improved wettability of the Ti surface by UVI is induced by the photocatalytic effect of Ti 17) . In addition to its effect on surface wettability, the UV light source used in the present study also exerted an effect of surface oxidative decomposition. It is considered that UVI induces a photocatalytic effect and owing to this photocatalytic effect, oxygen or water preferentially reacts with electrons or positive holes to generate reactive oxygen species, such as superoxide (•O 2−) and hydroxyl radical (•OH), which cause decomposition of organic materials on the surface [18] [19] [20] . The UV light source used in the present study emits a composite wavelength centered at about 185 and 254 nm. These wavelengths are believed to be able to directly decompose organic matter and generate ozone (O 3) from oxygen in the air at the same time, and produce active acids that decompose the organic matter of the Ti surface and create a chemically clean surface. However, the Ti surface after 5 min of UVI demonstrated a super hydrophilic character with a contact angle of 7.3°, but the adhesion strength was not significantly different from that of SA and UV. In the present study, we were not able to clarify the mechanism in this regard.
Concerning the effect of surface modification by UVI, it has been suggested that UVI improves tensile strength, and a strength matching the tensile strength obtained with conventional precious metals can be acquired. Moreover, in the case of observing fractures to the surface of Ti and porcelain, an abundance of Si remained on the surface after UVI compared with sandblasting and cohesive failure was more frequent than interface failure, presumably because more solid baking was achieved. So far, much attention has focused on Ti as an alternative metal to replace precious metals used in metal ceramic crowns 21) and investigations aimed at increasing the mechanical fitting force, the 6 Dent Mater J 2018; : -chemical treatment of a surface, and the like have been performed in order to improve bond strength. However, since a bond strength equivalent to those obtained with precious metals could not be achieved, its application in clinical practice could not be adopted. In the present study, by increasing the mechanical fitting force via sandblasting and enhancing wettability of the surface by modifying the Ti surface via UVI, bond strength equivalent to the bond strength of a conventional precious metal could be achieved. It is therefore believed that a favorable environment can be created on the Ti surface for porcelain firing. For this reason, the UVI processing used in the present study is considered to be an efficient method for the improvement of bond strength between porcelain and the Ti surface.
CONCLUSION
Considering the limitations of the present study, we concluded that combination of sandblasting with UVI of the Ti surface decreased the contact angle significantly compared with sandblasting alone. Combination of sandblasting and UVI of the Ti surface achieved a significantly greater adhesion strength compared with sandblasting alone. Hence, it is suggested that Ti surface modification via UVI may prove efficacious in increasing the strength of adhesion between Ti and porcelain.
